A subgroup of testicular seminomas has been reported to contain activating mutations in KIT, the transmembrane tyrosine kinase receptor encoded by the c-kit gene. Most mutations are in exon 17, although exon 11-activating mutations have recently been described. For patients refractory to standard therapeutic protocols for seminoma, the presence of c-kit-activating mutations in some of these neoplasms might suggest an alternative therapy with KIT targeting drugs. We used the novel mutation scanning technique, highresolution melting amplicon analysis, to screen a series of 22 testicular seminomas for c-kit-activating mutations. Four cases (18%) had exon 17-activating mutations and these included D816Y, D816V, Y823N and one case that contained both D816E and D820H. A single case (5%) had an exon 11-activating mutation. Interestingly, the exon 11-activating mutation was L576P, the same mutation that characterizes the rare c-kit mutation-positive cases of malignant melanoma. Fluorescence in situ hybridization (FISH) for c-kit suggested that most seminomas are probably polysomic for c-kit and there was not a significant difference in c-kit FISH characteristics between the mutation-positive and mutation-negative cases. The use of high-resolution melting amplicon analysis as a screening technique will allow for the rapid identification of patients with testicular seminomas whose tumors contain c-kit-activating mutations. This could benefit patients whose tumors are refractory to standard therapeutic protocols.
The product of the c-kit gene, KIT, is a transmembrane receptor tyrosine kinase. Upon ligand binding, KIT undergoes dimerization and activation. Activated KIT then initiates a signaling pathway that leads to antiapoptosis and cell proliferation. 1, 2 A functional c-kit gene is necessary for proper development and migration of the interstitial cells of Cajal, blood cell progenitors, mast cells, melanocytes, as well as for normal spermatogenesis. [3] [4] [5] [6] It is becoming apparent that many human malignancies that develop from cells with KIT-expressing lineages contain activating mutations in the c-kit gene. 7, 8 The c-kit-activating mutations appear restricted to those in exons 9, 11, 13 and 17 and consist of in-frame deletions and insertions as well as point mutations. The success of imatinib (Gleevec) in the treatment of gastrointestinal stromal tumors (GISTs) with c-kitactivating mutations underlies the importance of detecting these alterations in human malignancies. 9 Not surprisingly, c-kit-activating mutations have been reported to be present in testicular seminomas. 10, 11 Most reports describe point mutations in exon 17, but occasional exon 11 mutations have also been noted. [12] [13] [14] [15] The frequency of these mutations in seminomas has been reported to range up to 41%. 14 The majority of the exon 17 mutations reported (D816V) code for a c-kit protein that is probably imatinib resistant. 16 However, newer agents are being developed that might specifically target this imatinib-resistant c-kit protein 17 and if these newer drugs become clinically useful, they might have importance in treating chemotherapeutically refractory seminomas.
In spite of several reports indicating the presence of c-kit mutations in seminomas, a recent comprehensive survey of c-kit mutations in over 3000 tumors from 120 different categories failed to detect any c-kit mutations in seminomas 18 and calls into question many of the reports indicating that c-kit mutations characterize a subset of seminomas.
We have recently used the novel mutation screening technology referred to as high-resolution melting amplicon analysis to screen for c-kit-activating mutations in GISTs. 19 Because of the potential importance of c-kit-activating mutations in seminomas and because of the discrepancy concerning their frequency, we screened 22 seminomas with high-resolution melting for the presence of c-kitactivating mutations in exons 11 and 17. Positive cases were followed up by direct DNA sequencing. Our results confirm the presence of c-kit-activating mutations in testicular seminomas.
Materials and methods

Sources of Tissue
Paraffin blocks from 22 cases diagnosed as primary testicular seminomas were retrieved from the surgical pathology files at the University of Utah Health Sciences Center. All cases were reviewed to confirm the diagnosis of a seminoma. Only pure seminomas were evaluated and no mixed germ cell tumors were included in the study. Only cases that contained areas enriched in tumor (at least 50% tumor) accessible for microdissection were chosen for study. The use of human tissue for this analysis was approved by the Institutional Review Board (IRB# 11903) at the University of Utah.
Immunohistochemistry
Antibodies against KIT (CD 117) were used at a dilution of 1:400 and were obtained from DAKO Corporation (Carpinteria, CA, USA). Immunohistochemical staining was performed with the Nexes Instrument from Ventana Inc. (Tucson, AZ, USA) in accordance with the manufacturer's instructions and as described previously. 19 The chromogen was diaminobenzidine. No antigen retrieval techniques were used. Positive KIT staining mast cells in the testicular parenchyma served as internal controls. Interpretation of the KIT immunostain was performed on a scale of 0 to 3 þ as follows: 3 þ , strong, intense membrane staining; 2 þ , moderate membrane staining; 1 þ , weak membrane staining; 0, no detectable to barely discernable membrane staining. All immunostains were interpreted by a single investigator (JAH).
Chemicals, DNA and Enzymes
These materials were described previously.
19,20
Design of Primers
Primers specific for c-kit exons 11 and 17 were designed with the use of Primer Designer Software (Scientific and Education Software, Durham, NC, USA) and have been described previously. 19 
DNA Isolation from Paraffin-Embedded Tissue
An appropriate paraffin block containing tumor tissue was selected for analysis after reviewing the hematoxylin and eosin (H and E)-stained slides. An area of tumor on the H and E slide was identified on a corresponding unstained slide and circled with a fine tipped pen. Because seminomas generally contain an abundant lymphocytic infiltrate, care was taken to insure that the area chosen for study contained at least 50% tumor as estimated by visual inspection of the slide. Material was scraped from the circled area on the unstained slide and DNA isolated with a proteinase K digestion according to procedures described previously. 19 
Polymerase Chain Reaction
Polymerase chain reaction (PCR) was performed directly on the proteinase K digest (see above) with the Light Cycler (Roche Diagnostics, Indianapolis, IN, USA) as described previously. 19, 20 All reactions contained dUTP in place of dTTP so that incubation of the reactions with uracil N-glycosylase before PCR prevents 'carry over' contamination. Genomic DNA was used as a control. All samples were run in triplicate.
High-Resolution Amplicon Melting
After PCR, the samples were momentarily heated to 951C and then cooled to 401C. High-resolution amplicon melting analysis of the PCR products was performed with the use of the HR-1 instrument (Idaho Technology, Salt Lake City, UT, USA) as described. 19 Mixing experiments with mutant and wild-type DNA indicate that for single base-pair changes, at least 50% of the total DNA isolated should be derived from the mutant in order to easily detect the mutation by melting curve analysis (data not shown).
DNA Sequencing
DNA sequencing and analysis was performed as described previously. 19 Several previous studies indicate that a normal melting curve obtained by high-resolution melting amplicon analysis on PCRamplified products reflects an underlying normal DNA sequence. [19] [20] [21] In screening for exon 17 mutations, all cases were followed up by direct bidirectional DNA sequencing. All normal melting curves were found to be the result of normal DNA sequences and all abnormal curves were found to be the result of underlying mutations. Therefore, for exon 11 screening, only the abnormal curves were c-kit mutations in seminoma C Willmore-Payne et al subjected to follow-up by direct DNA sequencing. The normal melting curves for exon 11 were assumed to reflect an underlying normal DNA sequence and were not studied further.
c-kit Fluorescence In Situ Hybridization
A fluorescence in situ hybridization (FISH) probe to detect the c-kit gene was developed from Escherichia coli containing bacterial artificial chromosome (BAC) c-kit sequences as described. 22 The purified ckit BAC DNA was labeled with the use of the Vysis (Downers Grove 
Results
Immunohistochemical Staining for c-kit Expression in Seminomas
Of the 22 seminomas, 19 (86%) showed at least some membrane staining for KIT. Of the positive staining cases (n ¼ 19), six were interpreted as 3 þ (32%), eight were interpreted as 2 þ (42%) and five (26%) were interpreted as 1 þ . A seminoma with strong 3 þ KIT membrane staining is shown in Figure 1 . In many cases, the surrounding seminifer- 
High-Resolution Melting Amplicon Analysis for c-kit Exons 11 and 17
All 22 cases of seminoma were screened for c-kit alterations in exons 11 and 17. One case (4.5%) showed an abnormal melting curve for exon 11. Five of the 22 cases (23%) showed an abnormal exon 17 melting curve. Examples of abnormal melting curves are shown in Figure 2 .
Direct DNA Sequencing
Cases showing abnormal melting curves were followed up by direct bi-directional DNA sequencing. For the five cases that showed abnormal melting curves for exon 17, one case contained a D816Y mutation, one case contained a D816V mutation, one case contained both D816E and D820H mutations, one case contained a Y823N mutation in addition to a silent mutation at position 798 (ATC to ATT, I798I) and one case contained just the silent mutation at amino-acid residue position 798. The one case with an abnormal melting curve for c-kit, exon 11 was found to contain an L576P mutation. Therefore, five of the 22 cases (23%) contained activating c-kit mutations.
c-kit FISH
An increased copy number of c-kit has been reported in semimona. 24 To determine if the seminomas with c-kit mutations preferentially show increases in c-kit copy number, cases that showed KIT expression (n ¼ 19) were analyzed by c-kit FISH. As shown in Table 1 , none of the cases with c-kit mutations appeared to amplify the gene. They all appeared polysomic. The average c-kit copy number for the mutation-positive cases was 3.672.2 (range 1.80-7.24) and the average chromosome 4 copy number was 3.271.6 (range 2.36-5.96). The average c-kit/CEP4 ratio of the mutant cases was therefore 1.1. For the mutation-negative cases, FISH could be performed on 14 of them. The average c-kit copy number of those cases was 3.071.8 (range 1.68-8.13) and the average chromosome 4 copy number was 2.4370.35 (range 1.7-2.88) (data not shown). Thus, many of the non-mutant seminomas were also polysomic. The c-kit/CEP4 ratio in the non-mutation seminomas was 1.2 and only one of the non-mutant seminomas showed c-kit gene amplification with a c-kit/CEP ¼ 3.19 (c-kit ¼ 8.13, CEP4 ¼ 2.55) (data not shown). c-kit FISH results were not remarkably different between the mutation-positive and mutation-negative cases.
Discussion
Although a recent report failed to detect c-kit mutations in seminomas, 18 other reports have. [10] [11] [12] [13] [14] [15] To investigate this discrepancy and to further characterize the types of c-kit mutations in semi- c-kit mutations in seminoma C Willmore-Payne et al nomas, we used a new methodology referred to as high-resolution melting amplicon analysis, to screen 22 pure testicular seminomas for c-kit-activating mutations. After PCR amplification of genomic DNA from a tumor with a c-kit-activating mutation, a mixture of DNA molecules is obtained. Some contain the mutation and some do not. Denaturation and re-annealing of the PCR-amplified products leads to formation of heteroduplexes in which one DNA strand contains the mutation and the other does not. Because of the base-pair mismatch(es) in the heteroduplexes, the melting curve of the PCRamplified DNA will be lower than normal and is easily detectable by melting analysis with highresolution methodology. This is fundamentally different from other techniques of c-kit mutation scanning such as denaturing high-performance liquid chromatography, 11 denaturing gradient gel electrophoresis 25 or single-stranded conformational polymorphism. 26 In these techniques, mutation detection requires separation and visualization of the heteroduplexes by chromatography or electrophoresis through a solid matrix. Melting analysis does not require separation and visualization of heteroduplexes. Using melting analysis, we were able to detect and subsequently sequence confirm the presence of c-kit mutations in five of 22 seminomas. Therefore, our analysis, with a fundamentally different type of methodology, agrees with many of the reports describing c-kit mutations in seminomas.
Most of our c-kit-activating mutations were in exon 17, which is in agreement with others. Although three of our reported mutations have not been described previously (D816E, D820H and Y823N), these mutations are clustered in the same area as other known c-kit exon 17 mutations and presumably also code for a constitutively activated protein. Analysis of normal tissue from these cases did not reveal the mutation, so presumably these represent somatic mutations in the tumor (C. Willmore-Payne et al, unpublished data). Interestingly, our one c-kit exon 11 mutation was L576P, which has also been observed by others in seminomas.
14 ckit L576P mutations are also present in other tumor systems and are the only c-kit-activating mutations so far reported in melanoma. 22 Although the L576P mutation makes up less than 10% of c-kit-activating mutations in GISTs, 9 its frequent occurrence as a common c-kit-activating mutation in non-GIST tumors is intriguing.
With standard therapeutic protocols, the cure rate of testicular seminomas approaches 90%. 27 Most of the c-kit-activating mutations in seminomas are in exon 17, which is generally regarded as coding for an imatinib-resistant protein. However, new drugs directly targeting imatinib-resistant KIT proteins are being developed. These new drugs might find use in treating refractory seminomas. The rare seminoma with an exon 11 mutation would be predicted to be imatinib sensitive. If the use of c-kit-targeting drugs becomes a reality in the therapy of testicular seminomas, high-resolution melting amplicon analysis could be used to help identify a potential group of responsive patients. b FISH was performed as described in Materials and methods. The indicated numbers are the average gene copy number per cell. The ratio is the c-kit copy number divided by the CEP4 copy number. c FISH interpretation was performed as described in Materials and methods.
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